saw a ball of excess chain segments at the relaxing end until about 100 s (25) .
Tube deformation and microscopic elasticity were also observed (Fig. 3B ). After the loop was drawn, the bead was rapidly moved away from the loop, pulling the chain taught. This increased tension in the chain squeezed the loop down, deforming the original tube with an applied stress. The entangled polymers that form the constraint were deformed until they balanced the applied stress. After the bead was stopped, the stress applied by the loop decreased as excess chain segments diffused in from the relaxing free end and relieved the tension. With this reduction in stress, the loop grew back to its initial size. In contrast, loops formed in Newtonian fluids always decreased in time. Thus, we have shown the deformation of a tube with an applied stress and its subsequent recovery when the stress is relieved.
The experimental techniques presented in this paper allow for direct observation and controlled deformation of single DNA molecules. Using optical tweezers, one can go beyond passive observations of the Brownian dynamics of polymers by driving the dynamics with forces and stresses applied on the microscopic level of single chains. Quantitative measurements of the excess chain segment diffusion and tube deformation are examples of studies that are now possible. These techniques should allow detailed investigations of the microscopic origin of viscoelastic behavior and other collective effects displayed by solutions of entangled polymers.
Nature 338, 520 (1989) . 17 . We prepared the DNA by allowing 12 (8) . Unexpectedly, this result was independent of the "quality" of the solvent as it was varied from a 0-solvent (3v = 1.5) to a "good" solvent (3v = 1.8), where there is net swelling of the polymer relative to the 0-solvent. This apparent suppression of excluded volume effects contradicts the theoretically predicted scaling exponent of 3v = 1.8 (3) , which has been observed in intrinsic viscosity measurements (9) . However, the relation between birefringence and extension is not entirely clear because it requires independent knowledge of the polarizability and chain conformation. In fact, light scattering experiments suggest that the chains in such flows are only extended by roughly a factor of 2 from their equilibrium size (10) . Light scattering has also been used to study the fluctuations of polymers from equilibrium. Measurements of time correlations in scattered light intensities yield a structure factor that is theoretically predicted to scale as a power law with the exponent v (3). For good solvents, the measured exponent is about 0.55 (6, 7) , which is slightly smaller than the theoretical value of 0.6. In terms of relaxation scaling exponents, this is an experimental value of 3v = 1.65 instead of 3v = 1.8.
Crothers and Zimm measured the intrinsic viscosity of DNA as a function of molecular weight and determined the scaling exponent to be 0.66 (1 1 (12) .
Although these traditional methods of experimentation have given much insight, they have an inherent disadvantage: The relaxation properties of a single chain must be inferred from indirect measurements averaged over a macroscopically large number of chains. In addition, the polymer solutions used are not always monodisperse. Finally, in most hydrodynamic flow experiments, the time during which a measurement may be made on a particular volume of sample is short because the fluid element is rapidly carried away by the flow (5). We avoided these problems by directly observing the full relaxation of a single polymer.
A number of technical developments have allowed us to observe and manipulate single polymers. We used DNA as a model polymer (13, 14) ; because of its large contour length (10's of micrometers), detailed observation in an optical microscope is possible. Although the molecule cannot be directly manipulated with optical tweezers (15) , a bead on the end of the DNA can be controlled quite easily (16) . Molecular biology techniques facilitated the attachment of the DNA to a micrometer-sized bead, and highly efficient, fluorescent dyes (17) (13) .
The optical tweezer was made by focusing a 100-mW yttrium-aluminum-garnetNd laser beam through a Zeiss x 63 microscope objective with a numerical aperature of 1.4. The DNA was stained with YOYO-1 (Molecular Probes, Inc.), a fluorescent dye that emits in the green por- (C) Relaxation tion of the spectrum when excited by 488-nm light from an argon-ion laser (21).
To stretch the DNA, we used a feedbackstabilized motor (Oriel) to move the microscope stage at a constant velocity and generate a fluid flow around the trapped, stationary bead (Fig. 1) . A flow velocity of 20 pum/s was chosen to fully stretch the DNA. The fluorescent images were recorded by a silicon-intensified target camera (Hamamatsu C2400-08), processed by an image processor (Hamamatsu Argus 10), and digitized by a Quick Capture board (Data Translation, Marlborough, Massachusetts) at a maximum rate of 15 frames per second.
We measured the length (L) of each stained DNA molecule by recording five video frames before the motor was turned off and measured the relaxation time of the fluid flow (-0.1 s) by observing the motion of a trapped bead immediately after the motor was stopped. After the flow stopped, video frames were digitized until the chain was near equilibrium. Relaxation measurements were repeated three to five times for each molecule. There was a rapid recoil of the free end to about 70% of its full length, followed by a slower relaxation (Fig. 2A) .
In part, such a fast initial relaxation might have been expected from static force measurements of elongated DNA, which showed a highly nonlinear dependence of the force on length at >75% extensions (18, 22) .
The relaxing end of the DNA sometimes formed a compact ball about 0.5 to 1.0 gum in diameter ( Fig. 2A) . Similarly, as the chain was stretched in a flow, a coiled section usually appeared to unravel from the stretching end. This behavior may be qualitatively similar to that of the yo-yo model proposed by Ryskin (23) . The video pictures also reveal fluctuations in the relaxing polymers (Fig. 2B) (24) . The inversion of noisy data is generally not unique and using statistical regularization one finds a family of acceptable solutions as a function of the regularization parameter. For our data, discrete peaks were always present in the spectra, and in the limit of small regularization, they were very sharp, essentially corresponding to a discrete sum of exponentials. The longest relaxation times follow a scaling law with chain length X~L3V (Fig. 3B) . The scaling exponent 824 3v was measured to be 1.66 ± 0.10 in limit of small regularization and 1.60 + 0.10 for the broader spectra chosen by Provencher's algorithm.
The classical theories of chain dynamics such as the Rouse and Zimm models are based on the notion of normal modes of relaxation, which arise as solutions to linearized equations of motion (3, 8) . Both models are statistical in nature and describe small fluctuations about equilibrium. Our experiment starts with a polymer at full extension and we expect neither model to describe the resulting relaxation. However, for lack of a theoretical framework in which to analyze the dynamics of highly extended chains, we compare our results to the Rouse and Zimm models. As pointed out by de Gennes (2), it is not clear that the concept of modes would remain valid without the simplifying assumptions in these models. The mode picture predicts sharp peaks in the decay spectrum, but the actual spectrum for dilute chains has been difficult to obtain experimentally because of the weak signals involved in standard experiments. De Gennes hypothesized that nonlinearities-from the hydrodynamic interaction, from the excluded volume interaction, and possibly from knot formation-would tend to broaden peaks in the decay spectrum. For these reasons, he was not certain that distinct peaks would even appear in the spectrum (2). Although our analysis does show distinct peaks in the spectrum, the structure of the spectrum was not in agreement with the mode structure of the Rouse or the Zimm model. Experimentally, the ratio of the decay times for the first to the second peak in the spectrum was 8.3 ± 3.2, and the ratio of their amplitudes was 2.0 ± 0.8. These decay times are consistent with the Rouse prediction of Tp T1/p2 and the Zimm prediction of rp , TI/p3V, where for both predictions p = 1, 3, 5 ... (25) . However, the ratio of the amplitudes is in clear disagreement with the predicted value of 9 from the dependence of cp 1 cl1p2 for both the Rouse and the Zimm model. On theoretical grounds, this is not surprising because these models describe polymers fluctuating near equilibrium, and their approximations break down for large chain extensions. Although the peaks in the relaxation spectrum do not agree with the Rouse or the Zimm theory, the last one-third of the relaxation is well fit by the longest peak in ence to a specific model, is bait similarity between the curves c (Fig. 4) Fig. 3B.   2C ). This relaxation data are rescaled in time and Lich agree-length as well as a baseline offset until it lies mm model on top of a template curve. The time lasticity of rescaling parameter (XA) then indicates how well mod-the relaxation time scales with length as the (e's law. template is collapsed on to each of the od we used other data sets. hout referThree templates of varying length were sed on the arbitrarily chosen and collapsed onto the )f the data rest of the data. The time rescaling param-.ethod, the eter for the longest template (L = 41 jgm) (Fig. 4B) The relaxation of a tethered chain is not the same as that of a free chain. In fact, the tethered relaxation is that of a free chain of twice the length, considering symmetry about the center of mass and neglecting hydrodynamic interactions between the two halves. We have not measured the end-to-end distance of the polymer chain, rather its visual length within the depth of We report vibrational spectroscopic measurements made on two hydrophobic interfaces. One was a water-solid interface, where the solid surface was rendered hydrophobic by a monolayer coating of surfactant OTS [octadecyltrichlorosilane, CH3(CH2)17SiC13J, and the other was a water-hexane interface. The spectra were compared with that of the waterair interface, which can also be regarded as hydrophobic. In all cases, the hydrophobic interaction was characterized by the appearance of a free hydroxyl (OH) stretch peak of water in the spectra. The bonded OH spectra of water at the different interfaces showed some clear differences, which suggested a difference in the water's interfacial structure. The water molecules against the solid wall appeared to be more bond-ordered. We also probed a partly wettable surface prepared by a monolayer coating of surfactants that had loosely packed hydrocarbon chains. No free OH peak was observed in that case. The SFG technique has been described previously (8) . Within the electric dipole approximation, the process is forbidden in a centrosymmetric bulk medium such as water but allowed at the surface, where the inversion symmetry is broken. For water interfaces, it has been shown (9) that the quadrupolar contribution from the bulk water is not appreciable and that the SFG in reflection comes mainly from the dipolar contribution of interfacial water molecules with preferred polar orientations.
The experimental setup for our SFG measurement has also been described elsewhere (8, 11) . The hydrophobic solid surface was prepared by depositing a monolayer of OTS on the surface of a fused quartz window by means of a standard self-assembly technique (12) . The hydrophobicity of the surface came from the layer of closely packed hydrocarbon chains. The SFG spectrum in the OH stretch region that was obtained from this quartz-OTS-water interface is shown in Fig. 1A . The sum-frequency (SF) output, visible input, and infrared (IR) input were s-, s-, and p-polarized, respectively (denoted by ssp). The results were similar to those obtained from an air-water interface (9), the ssp spectrum of which is shown in Fig. 1B for comparison. In both cases, the spectrum exhibited a sharp peak at 3680 cm`that can be assigned to the non-hydrogen-bonded OH Wave number (cm-1) SCIENCE * VOL. 264 * 6 MAY 1994
